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Renal lesions in rhabdomyolysis caused by Pseudechis australis snake
myotoxin. The renal lesions at various time intervals after i.m. injection of
Pseudechis australis myotoxin (PA myotoxin) causing myoglobinuria in
mice was studied. Biochemical assay of serum creatine phosphokinase
(CK) and lactate dehydrogenase (LDH) showed marked elevations
[7166 2064 IU and 1626 211 Berger-Broida U/mi (B-B U/mi)] six
hours after injection, indicative of rhabdomyolysis. Serum creatinine
(1.6 0.39) and urea (147 40) showed significant rise by 48 hours
indicative of acute renal failure (ARF). Immunodiffusion showed the
presence of myoglobin in the urine (myoglobinuria) of experimental
animals. Light microscopic (LM) and scanning electron microscopic(SEM) studies of the urinaly sediments from experimental mice revealed
granular casts of varying size and shape. LM of kidney showed casts from
one hour and tubulopathy with degenerated tubular epithelial cell from 12
hours onwards. Focal glomerular changes, such as dilated Bowman's space
with poorly stained substance and reduction in number of glomerular tufts
were observed. Immunofluorescence microscopy for myoglobin showed
fluorescence of the casts in the tubules. Transmission electron microscopy
(TEM) showed electron dense casts occupying the entire lumen of the
distal convoluted tubules (DCT). The proximal convoluted tubules (PCT)
showed features of proximal tubular necrosis (PTN). There was reduction
in the basal infolding with activation of lysosomal system in the PCT. The
glomeruli showed changes in the visceral epithelium that included intra-
cellular edema, vesiculation and occasional fusion of the podocytes.
Numerous granular materials were observed in the Bowman's space as
well as in the lumen of the capillaries from 1 to 24 hours. Electron dense
deposits of the glomerular basement membrane (GBM) capillaries were
observed from 1 to 24 hours. SEM study revealed loss of microvilli of the
PCT and some tubular lumen were filled with cast like material. Some
glomeruli displayed a relatively flattened podocytes with thickened major
foot processes. Regeneration of the tubules were seen from three weeks
onwards.
Rhabdomyolysis, a clinical condition commonly associated with
myoglobinuria, is now considered as one of the leading causes of
acute renal failure [1—3]. Although it is well recognized that
myoglobinuria can lead to development of acute renal failure, the
mechanism is unclear and remains a subject of debate [2, 3]. This
phenomenon of rhabdomyolysis induced ARF has also been
referred to as "myo-renal syndrome" [1]. Skeletal muscle account
to about 40% of the body wt, and when massive necrosis occurs
following any injury it is termed rhabdomyolysis. Gabov, Kelly and
Kelleher [4] defined it as rise in serum creatine kinase (CK) five
times the control value.
P. australis venom and myotoxin has been shown to produce
rhabdomyolysis and myoglobinuria in experimental animals [5—7].
Clinical reports of victims of P. australis (king brown snake),
Notechis scutatus scutatus (tiger snake) and Ciyptophis nigrescens
(small-eyed black snake) bites have exhibited rhabdomyolysis and
myoglobinuria followed by acute renal failure [8—11]. Mulgotoxin,
P. australis VIII-A and phospholipase A2 (PLA2) myotoxins, all of
which caused myoglobinuria in experimental animals, were iso-
lated from the venom of P. australis [5, 12]. Takasaki, Suzuki and
Tamiya [131 also purified 13 PLA2 isoenzymes that caused red
color urine in mice. Few of these PLA2s have also shown to be
myotoxic by in vitro and in vivo experiments [14]. In a recent study,
the mechanism of myonecrosis induced by PA myotoxin as well as
an animal model for myoglobinuria have been described in detail
[3, 15, 161. Apart from few clinical reports and postmortem studies
on Australian elapid bites, very little is known about the mecha-
nism of renal damage due to myoglobinuria producing venoms or
toxins.
Skeletal muscle damage by Australian tiger snake venom has
been shown to release proteolytic enzymes and structural proteins
[17] including myoglobin into systemic circulation. Renal ultra-
structural changes have been described previously in experimental
animals following injection of venoms of Trimeresurus flavoviridis
(Habu snake) [18, 19], Crotalus atrox (rattle snake) and Laticauda
semifasciata (sea snake) [20]. Most of the other ultrastructural
studies deal with Russels viper envenomation in mice and in
humans [21—24]. Thus far no serial study has been made using a
venom, or with a purified toxin with nephrotoxic action. Glomer-
ular changes after myoglobinuria caused by venom or any drugs
also have not been reported [1, 2, 25]. The present communication
describes in detail the series of morphological changes at various
time intervals in renal tubules and glomerulus after envenomation
with myoglobinuria producing P. australis (PA) myotoxin.
Preliminary accounts of some of the results have already been
presented [6, 7, 26, 27].
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The crude venom of P. australis was obtained from Venom
Supplies (S. Australia). The myotoxic fraction was isolated from
the crude venom of P. australis by Sephadex G 50 gel filtration
chromatography, followed by a further purification on FPLC
mono 5 HR 5/5 using a linear salt gradient (gift from Dr. Khoo
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Kong Soo, Department of Biochemistry, National University of
Singapore, Singapore). Dog and whale myoglobin were from
Sigma Chemical Company (St. Louis, MO, USA). All chemicals
used were of highest grades available.
Animal model
Swiss albino mice (males of approximately 20 g) were from
Laboratory Animal Centre, Singapore. They were anesthetized by
ether and a single i.m. injection of 90 jig of purified toxin (PA
myotoxin) from the venom of P. australis was given in 0.1 ml of
normal saline, into the calf muscles (soleus and gastrocnemius).
Myoglobinuria was detected by placing the animals in a cage with
white filter paper on its floor which was stained red or dark brown
in positive cases [3, 5, 12, 15]. Kidney tissue from experimental
mice were examined at one hour, three hours, four hours, seven
hours, 12 hours, 24 hours, two days, three days, one week, two
weeks, three weeks, six weeks, nine weeks and 12 weeks after
injection of the toxin (N = 3 for each time intervals). Ninety
percent of them had dark brown urine. Control mice received 0.1
ml normal saline (N = 5). The animals were cared for and used
humanely.
Light microscopy
The kidneys were perfusion fixed with 10% formaldehyde, and
processed as described previously [15]. For light microscopy (LM)
and SEM studies of the urinary casts, the urine was collected
directly from the bladder by an insulin syringe just before perfu-
sion. The urine was centrifuged (2000 g for 5 mm) and the
sediments were examined by LM.
Transmission electron microscopy (TEM)
The kidneys were perfusion fixed with 2% paraformaldehyde
and 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). The
kidneys were dissected out and cut into pieces of 1 mm and
processed as described previously 1151.
Scanning electron microscopy (SEM)
The mice injected with PA myotoxin were anesthetized with
chloral hydrate and perfused through the left ventricle of heart
with normal saline followed by cold 2% paraformaldehyde and
3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 30
minutes. The kidneys were dissected out and cut into four pieces,
and immersed in the same fresh fixative for about four hours and
then soaked in 0.1 M phosphate buffer (pH 7.4) overnight. The
kidneys were then post-fixed in 1% osmium tetroxide for one hour
and dehydrated through a graded series of ethanol. After three
changes of 100% ethanol, the tissues were cryofractured in liquid
nitrogen with a knife prechilled in liquid nitrogen. The tissues
were then dried in critical point dryer (Baizers CPD 030) and
mounted on to SEM stub using silver paint. The tissues were then
sputter coated with a thin layer of gold using Baizers sputter
coater device 004 and scanned using Philips SEM 515.
For urinary sediments, the centrifuged urinary sediments were
put on a covergiass coated with poly-L-lysine and allowed to stand
for 10 to 15 minutes. They were rinsed with phosphate buffer and
fixed with 1% osmium tetroxide in phosphate buffer for 30
minutes, dehydrated in a gradient of ethanol, critical point dried,
mounted on a stub and coated with a thin layer of gold.
Immunofluorescence microscopy
The experimental mice were perfused at six hours and 24 hours
(N = 3) with ringer lactate solution for five minutes followed by an
aldehyde fixative composed of a mixture of periodate-lysine-
paraformaldehyde containing 2% paraformaldehyde for 10 to 15
minutes, followed by a fresh change of a similar fixative for
another four hours at 4°C. Kidneys were then kept in 0.1 M
phosphate buffer containing 10% sucrose overnight at 4°C. Frozen
sections (20 j.t) of kidney were cut and mounted on a clean
gelatinized slide and air dried. In formalin-fixed tissues, the
sections embedded in paraffin were dewaxed through two changes
of xylene and hydrated with a graded ethanol seris upto 50%. The
sections were then washed with deionized water. The sections
were then rinsed in phosphate buffered saline (PBS) and incu-
bated in 0.3% H202 in methanol to block endogenous peroxidase
activity, washed in PBS-Tx and further incubated with normal
goat serum for 30 minutes to prevent nonspecific staining. The
sections were then incubated at room temperature (25°C to 30°C)
with 1:200 dilution of polyclonal antimyoglobin (raised against
dog myoglobin) for 18 to 20 hours. The sections were then washed
with three changes of PBS and incubated with 1:50 dilution of
Texas red conjugated anti-rabbit IgG (Rockland, Gilbertsville,
PA, USA) for 60 minutes at room temperature. The sections were
then washed with PBS and the moist preparation embedded in
mounting medium (PBS and glycerol in 1:2) and examined under
immunofluorescence microscope using appropriate filters.
Biochemical assay
The blood samples from experimental mice (at intervals of I hr,
3 hr, 6 hr, 12 hr, 24 hr, 2 days, 3 days and 5 days) were collected
by cardiac puncture (taking care to get blood with 1 puncture) and
allowed to clot in a 37°C water bath for one hour. The serum
collected were then centrifuged and stored in the freezer for
biochemical assay. Serum CK and LDH were assayed using sigma
kit procedure no 520 and 500 by colorimetric method. Serum
creatinine and urea were assayed using Sigma kit, procedure no
555 and 535 by colorimetric method.
Outcherlony immunodiffusion
Immunodiffusion was done in a plate containing 1% Difco
Noble agar in 0.02 M phosphate buffer (pH 8.0) containing 0.15 M
sodium chloride and 0.01% sodium azide. The antibodies and the
urine were added into the wells and left overnight in moist
environment at room temperature.
Measurement of pH
The urine from the mice were collected directly from the
bladder using an insulin syringe just before perfusion. The pH was
then measured using Sigma pH test strips.
Results
Rhabdomyolysis
Serum CK assay showed a rise in CK level upto 70 times
(7166 2064 lU) in comparison to the control value (152 53
lU) by six hours (Fig. 1A). There was an initial rise in CK level as
early as one hour (1936 250 IU) reaching peak values at around
3 to 6 hours and the level was maintained until 12 hours (6867
1293 IU) after envenomation, which was followed by a steady fall
to the base line by 48 hours (388 88 IU). Almost normal level
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Fig. 1. A. Serum creatine phosphokinase (CK) levels after injection of PA myotoxin at various time intervals, note the rapid rise from 3 to 72 hours indicative
of rhabdomyolysis followed by a gradual decrease after 24 hours. B. Serum lactate dehydrogenase (LDH) levels after injection of PA myotoxin at various
time intervals, there is significant rise by 6 to 24 hours and reaches the normal level by three days. C. Serum creatinine levels after injection of PA
myotoxin, note the significant rise by 48 hours indicative of acute renal failure. D. Serum urea levels after injection of PA myotoxin, there is a significant
rise by 48 hours.
was reached by five days (251 65 IU). Serum LDH level was also
raised significantly from six hours (1626 211 B-B U/mi) to 24
hours (2107 203 B-B U/mi) after envenomation, control mouse
level was 296 55 B-B U/mi (Fig. IB). Light microscopic study of
the injected soleus and gastrocnemius muscle showed features of
myonecrosis from 30 minutes onwards.
Myoglobinuria and ARF
Myogiobinuria was evident by a dark brown staining of the
white tissue paper and a central area of urinary sediments. Serum
creatinine estimation showed a significant rise by 48 hours (1.63
0.39 mg/dl; control 0.26 0.07 mg/di) and serum urea level was
also raised by 48 hours (147 40 mg/dl; control 23 2 mg/dl)
after envenomation, which is indicative of acute renal failure (Fig.
I C, D). The urine in the bladder usually appeared dark brown in
color referred to as "coca cola" color. The casts were usually oval
or round in shape with a hyaline or granular appearance. Both LM
and SEM showed similar features confirming the appearance and
nature of the casts that were observed in the tubular lumens of the
kidney (Figs. 2 ai, 2aii, and 7c).
Outcherlony immunodiffusion
There was a clear band of precipitate between the anti-dog
myoglobin and the urine of dog injected with P. australis venom
(0.5 mg/kg). There was also notable reaction with mouse urine
collected after injection of PA myotoxin. The control group
consisted of normal dog urine and mouse hemoglobin did not
show any reaction. Whale myoglobin and dog myoglobin also
showed a clear band of precipitate (Fig. 2h).
Jmmunofiuore.scence microscopy
Immunofluorescence study for myoglobin revealed fluores-
cence of the tubular casts (Fig. 2c). There was also fluorescence
observed in some glomerular capillary lumen (Fig. 2d). Both
paraffin and frozen sections showed uniform fluorescence of the
tubular casts, but frozen sections also showed fluorescence of the
lining tubular epithelium of some tubules (Fig. 2d). The adjacent
sections, which were stained with H&E, revealed that the fluores-
cence observed were from the pigmented casts, confirming them
as myoglobin casts (Fig. 3b).
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Fig. 2. (ai) Low power view of urinaly sediments under LM, note the various shape and size of the granular sediments (X88). (au) High magnification of
a cast under LM (X540). (b) Outcherlony immunodiffusion showing a clear band (arrowheads) against experimental dog urine (injected with P. australts
venom, 0.5 mg/kg i.m.) (1), dog myoglobin (2), whale myoglobin (3), experimental mouse urine (6). Note the absence of reaction to normal mouse urine
(4) and mouse hemoglobin (5). The antibody to myoglobin is in the central well. (c) Paraffin section 24 after injection showing fluorescence of the casts
(C) for myoglobin in the tubules and glomerulus (arrow) (x 140). (d) Frozen section showing fluorescence of tubular epithelium (arrows) for myoglohin(X220). (e) Semithin araldite section from the control kidney cortex showing normal empty looking PCT, DCT and glomerulus, toludine blue stain
(x88). (fj Seniithin araldite section from experimental mouse kidney one hour after injection of PA myotoxin showing numerous tubular casts in the
cortical region. Note the PCT that are relatively dilated (compare with 2e, of same magnification) some of them almost twice the normal diameter
(arrows). The blood vessels (V) appear normal, toludine blue stain (X88).
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Fig. 3. (a) Semithin section seven hours after injection showing PCT with absence of brush border and increased giant endolysosome (arrowheads). Note the
DCT (arrows) with absence of endolysosomes, shows less affinity for the cytoplasmic stain and more nuclei per cross section than the PCT (toludine
blue stain; x140). (b) Corresponding section of Figure 2c that showed fluorescence, stained with H&E showing pigmented hyaline and granular casts(C) that showed fluorescence; also note the PCT that contains occasional small cast materials and debris were also fluorescent for myoglobin. Some
tubules with complete loss of tubular epithelium exposing the intact (arrowhead) basement membrane and pyknotic nuclei (small arrowhead) are also
seen. Some tubules also show disrupted basement membrane (arrows) (x140). (c) Paraffin section three days after injection showing PTN with an
absence of brush border epithelium, necrotic debris, and some of the tubules showing absence of tubular epithelium with only intact basement membrane
(arrowheads). Note few casts that are partly occupying the dilated DCI (compare with Fig. 4a). The blood vessel (V) appear normal with its three layers (PAS
stain; x140). (d) Semithin araldite section seven hours after injection showing almost complete reduction of the glomerular tuft and increase in the Bowman's
space (BS), casts that completely occupy the lumen of the DCI and cloudy swollen PCI with endolysosomes (arrowhead; toludine blue stain; X540).
(e) Paraffin section 24 hours after injection showing poorly stained probably proteinaceous substance in capillaries and Bowman's space (B) and reduction of
the glomerular tuft (H&E stain; x540). (f) Semithin section three weeks after injection showing regenerated PCT with normal lumen, brush border
(arrowhead) and vesicular nucleus. The DCT (D) appear normal with empty lumen, absence of brush border and less affinity for the stain (H&E stain; x540).
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Light microscopy
LM of control kidneys from mouse injected with normal saline
revealed normal morphology (Fig. 2e). The renal corpuscles
appear as dense rounded structures, surrounded by narrow Bow-
man's space. The cortical tubules mainly consists of large number
of well stained PCT with brush border. The DCT were few in
number and showed less affinity for cytoplasmic staining and more
nuclei per cross section. The early changes by I to 24 hours mainly
showed features of distal cast nephropathy. Numerous myoglobin
casts in the DCT along with dilated PCT, some times twice the
size of the normal control section were seen one hour after
injection (Fig. 2 e, f). Numerous pigmented hyaline and granular
casts occupying the whole lumen of the DCT with occasional casts
occupying part of PCT lumen were seen (Figs. 2e, and 3 b, d). The
casts were observed in both cortical and medullary regions of the
kidney. Semithin sections showed tubules with obliteration of
their lumen due to cloudy swelling of the cells and loss of brush
border (Fig. 3a). By 3 to 7 hours cloudy swollen cells with
elevation of endolysosomes were observed in the PCT (Fig. 3a).
By 12 to 24 hours shedding of tubular epithelium and other
features of PTN were evident.
The late stage from 24 to 72 hours was marked by PTN with
degeneration of the proximal tubular epithelial cells, few tubules
were dilated and lined by flattened cells. Necrotic sloughed
tubular cellular debri within the lumens were also noticed (Fig.
3b). Both PTN and distal tubular cast nephropathy were seen by
24 hours. In some tubules the renal epithelium was completely
necrotic and reduced to granular debris exposing the basement
membrane (BM) which appeared intact (Fig. 3 b, c). Some
proximal tubules also showed features of PTN with disruption of
basement membrane (Fig. 3c) The damaged tubules showed
pyknotic nuclei or no stainable nuclei (Fig. 3 b, c). The myoglobin
casts were occasionally seen even after three days. Some Henle's
loops and the collecting ducts showed dilation of the lumen that
contained cast or sloughed cells. The blood vessels were normal in
appearance (Figs. 2f and 3c). There were no areas of hemorrhage
observed in the renal interstitium.
Focal glomerular changes were also observed under LM. Some
glomeruli showed reduction of the glomerular tufts or partially
destroyed glomerular capillaries with dilated Bowman's space
(Fig. 3d). Glomerulus with poorly stained substances and a
relatively small glomerular tuft were also observed (Fig. 3e). Most
of the sections showed glomeruli that were essentially normal
under LM. Regeneration of the tubules were seen from three
weeks onwards with the appearance of brush border and hyper-
chromatic nucleus in the PCT, the DCT also were normal with
empty lumen (Fig. 3f).
Transmission and scanning electron microscopic study
TEM of kidneys from control mouse injected with normal
saline showed normal PCT and DCT (Fig. 4a). Cloudy swollen
tubular epithelium with increase in the number of lysosomes and
vacuolation were observed in almost all PCT in the early stages of
envenomation from one hour to 12 hours (Fig. 4b). Intratubular
myoglobin casts which appeared as electron dense round or
globular structures were seen. They usually occupy the entire
lumen of the DCT (Fig. 4c). There was also similar electron dense
material outside the lumen of the tubules in the renal interstitium
(Fig. 4c). The lysosomal system were activated with large and
markedly atypical forms appearing as dense intracytoplasmic
bodies (Fig. 4d), confirming that the numerous granular structures
(endolysosomes) seen in the LM are in fact lysosomes. There were
also numerous granules, vacuoles and vesicles observed from 1 to
24 hours after envenomation. Some of these structures were
observed even in normal control PCT, but envenomation resulted
in production of large numbers of them. There was also reduction
in the basal infolding of the PCT, some of them were partially
damaged (Fig. 5a). Mitochondria with disrupted membranes,
reduction of cristae and matric granules were observed (Fig. 5a).
In late stage after 24 hours there was loss of microvilli, with
degeneration and desquamation of the necrotic PCT. The nucleus
showed pyknosis with clumping of chromatin materials. The
sections of kidney three weeks after injection of the toxin showed
regeneration of the proximal tubular epithelium with large vesic-
ular nucleus and presence of microvilli. By 9 to 12 weeks there was
almost complete regeneration of the tubules with normal looking
lumen and microvilli (Fig. 5b).
Control mouse injected with normal saline revealed normal
ultrastructural features of glomerulus (Fig. 5c) and its normal
filtration barrier (Fig. 6a). TEM study of the glomerulus in the
early stage of envenomation revealed areas of electron dense
granular material scattered in the Bowman's space and in the
lumen of the glomerular capillaries (Fig. 5d). The glomerular
capillary lumen contained numerous organelles, red blood cells
(RBC) and fragments of damaged endothelial cell (Fig. 5d). The
visceral epithelium showed patchy fusion of podocyte process
from Ito 12 hours after envenomation (Fig. 6b). Occasionally the
glomerular basement membrane layer appeared to be disorga-
nized and partially damaged (Fig. 6c). The glomerular capillaries
also showed areas of focal thickening and dense deposits of the
basement membrane (Fig. 6c). There was edema of both visceral
and endothelial layer involving mostly the mitochondria and
endoplasmic reticulum (ER) (Fig. 6d). The glomerular changes
were usually associated with distal tubular obstruction. In late
stage, three days after envenomation the glomerular capillaries
contained granular materials, degenerated endothelial cells, RBC,
and cytoplasmic blebs. After one to two weeks most of the
glomerului appeared normal except a few (3 mice) still showing
subendothelial electron dense deposits, which were observed even
in unstained specimens (Fig. 7a).
SEM from control mouse kidney showed empty tubular lumen
with microvilli (Fig. 7b). SEM study revealed loss of microvilli of
the tubules with some tubular lumen filled with cast like material
(Fig. 7c). In SEM study it was not possible to distinguish between
the damaged PCT and DCT, due to absence of microvilli in all
damaged tubules. The glomerulus displayed a relatively flattened
podocyte cell body with thickened major foot processes, few
granular deposits were observed (Fig. 7d).
Table 1A shows the morphological analysis of various renal
lesions at different time intervals. Only 50% of mice showed
features of tubular obstruction and glornerular changes after
envenomation from one hour to three days. Proximal tubular
necrosis was observed almost in all animals used for the present
study, but the severity of the lesions varied between animals and
at different time intervals as shown in Table 1 A and B. Mouse
that showed features of distal tubular obstruction showed features
of glomerulopathy and severe tubular necrosis (Fig. 3 b, c).
The urinary pH of the experimental mouse was more acidic (pH
5.5 to 6.0) than the control mouse (pH 6.7) urine.
Fig. 4. (a) TEM of control kidney which exhibits PCT with profuise tall microvilli (a,rowheads). The DCT (D) strikingly have very few small irregular
microvilli (arrow), mitochondria and less cytoplasm than the PCT (constituting the less stained DCT under LM). The nucleus (N) of the DCT occupy
most of the cell and lie close to the lumen (x2275). (b) TEM of PCT one hour after injection showing endocytosis of the cast material, cloudy swelling
of the tubular epithelium. The cytoplasm contains many vesicles (V) and lysosomes (arrows) involved in reabsorption of the myoglobin (X2975).
(c) TEM of an experimental kidney under low magnification, seven hours after injection showing distal tubules completely obstructed by the electron
dense cast material (C), note also the electron dense material in the interstitial space (arrows). A PCT (P) is partly filled with myoglobin cast. A
glomerulus (G) with markedly reduced capillary tuft and few granular material is seen (x 1050). (d) TEM 12 hours after injection, showing proximal
tubular necrosis, with edematous tubular epithelium containing mostly mitochondria, large lysosomes (arrows), vesicles, necrotic debris, and few
microvilli. The lumen is mostly obliterated by the degenerated epithelium (X4900).
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Fig. 5. (a) Highermagnification of a PC]', 12 hours after injection showing reduction in mitochondria. Note a severely damaged mitochondria (M) with
dense granules and disrupted cristae is seen. Damaged plasma membranes (arrowheads) with relatively less basal infolding and large vacuoles (V)
(x 17750). (b) Showing regenerated PCT, nine weeks after injection, note the vesicular nucleus, microvilli (arrowheads) with almost normal tubular
epithelium and empty lumen (x2975). (c) TEM of a glomerulus from control mouse showing several empty looking capillary loops (C); the capillaries
are lined by a thin layer of fenestrated endothelial cytoplasm with endothelial cell nuclei (E). Note the mesangial stalk comprising of mesangial cell (M)
and dense mesangial matrix providing support for the capillary loops. The nucleus of a podocyte (P) can be seen, their primary foot processes (*) giving
rise to numerous secondary foot processes (arrow heads) which rest on the normal GBM (X8050). (d) TEM of glomerulus three hours after injection,
showing granular debris (D) in the capillary lumen and Bowman's space and electron dense GBM (arrow) (X4900).
Fig. 6. (a) TEMof the filtration bamer region of the glomerulus from the control kidney under high magnification showing the fenestrated (arrows) endothelial
layer (arrowheads), basement membrane, and the epithelial covering with secondary podocyte foot process (P). Note the basement membrane showing
three-layered appearance, the lamina rara interna (LRI) which is the electron-lucent layer next to endothelium, the middle comparatively electron-dense
layer called the lamina densa (arrow), and the outer electron-lucent layer adjacent to the visceral epithelium termed the lamina rara externa (LRE)
(X63000). (b) The filtration barrier under TEM one hour after injection, showing fusion of the podocytes foot process (arrow) and endothelial
proliferation (arrow) (x49000). (c) A high power view of the glomerular capillary seven hours after injection, showing dense granular material (D) in
the lumen, occasional fusion and dilatation of the podocytes (arrow), electron dense GBM and occasional disruption of its layers (arrowhead) (x 17750).
(d) High power view of the filtration barrier 12 hours after injection showing edema of the visceral and endothelial cell organelles involving mitochondria
(arrowhead), rough endoplasmic reticulum (arrow) and vesicles (x63000).
Fig. 7. (a) TEM of the glomerulus 10 days after injection showing prominent subendothelial electron-dense deposits (D). Note the relative absence of
epithelial and endothelial edema that are usually seen in the early stage of envenomation (X49000). (b) SEM of control mouse kidney, the fractured
surface showing part of the glomerulus (G) and normal empty lumen (L) of the PCT with microvilli (arrows) (X750). (c) SEM of experimental kidney
seven hours after injection showing complete obstruction of the lumen with probably cast and necrotic debris (arrowhead), note the glomerulus (G) and
Bowman's cup (BC) (x400). Insert showing SEM of the Cast from the urinary sediment (insert, x 120). (d) Fractured surface of the glomerulus showing
relative flattening of the podocyte body (*), also note few granular deposits over the podocyte body (arrow heads) <600O).
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Table 1A. Morphological analysis of various renal lesions in
experimental mice after injection of PA myotoxin at various time
intervals
Proximal
Time Tubular tubular
interval obstruction necrosis Glomerulopathy Regeneration
ihours ++ 0 + —
3hours ++ + ++
7 hours +++ + +++
12 hours ++ ++ + —
24 hours + +++ ++ —
48hours + ++++ + —
3day - ++++ + —
Iweek ++ — —
2weeks — — — +
3weeks — — — ++
4weeks — — +++
Minus signs are no significant morphological changes. Glomerulopathy
scoring is based on ultrastructural changes.
Apart from skeletal muscle necrosis there was no other signif-
icant morphological (by LM) changes in liver, lung, cardiac
muscle, smooth muscles of bladder and intestine.
Discussion
Myoglobinuria and renal damage have been reported in Aus-
tralian elapid snake bites and Sea snake bites [8—10, 281. In recent
years myoglobinuria is not a rare entity, the conditions with which
it is associated range over a number of medical and surgical
conditions [3]. The nephrotoxic effects of myoglobinuria caused by
the PA myotoxin from P. australis is discussed in this study. The
PA myotoxin used in our study corresponds to P. australis VIII-A
[5, 151. Serum CK and LDH levels indicate marked rise after
injection of PA myotoxins, which is indicative of rhabdomyolysis.
Rhabdomyolysis results in excretion of myoglobin in urine, which
when very high is seen macroscopically as dark brown urine
(reflecting excretion of myoglobin more than 250 J.Lg/ml). How-
ever, significant myoglobinuria without dark brown urine can
occur at a renal threshold from 0.3 g/ml to 2 pg/mI (normal level
is 0.1 p.g/ml). This explains the reason why some of the experi-
mental mouse with out dark brown urine also showed features of
myoglobinuric ARF. Recent LM and EM studies using PA
myotoxin have dealt in detail the pathogenesis of rhabdomyolysis
from degeneration to regeneration [15]. Immunodiffusion have
confirmed that the dark brown urine is due to myoglobinuria, the
negative control using mouse hemoglobin excluded the possibility
of hemoglobinuria. Both LM and SEM of the urinary sediments
showed features of the hyaline or granular protein cast, which
were similar to the appearance of the myoglobin casts in the renal
tubules of the experimental mouse kidneys under LM and SEM.
The present study suggest that the pathogenesis of myoglobinuric
ARF is mainly due to two main factors: (a) tubular factors
(obstruction and backleak of myoglobin casts together with acute
PTN); (b) vascular factors (glomerulopathy). A third factor is the
tubuloglomerular feedback hypothesis that probably integrates
the tubular and the vascular causes (see Fig. 8).
Tubular mechanisms
Obstructive nephropathy and tubular hackleak. The dilated PCT
observed in the early stage of envenomation suggest "obstructive
nephropathy" due to myoglobin casts in DCT [1, 131. The
electron-dense myoglobin material in the renal interstitial space is
probably due to tubular back leak of the myoglobin through the
damaged proximal tubular basement membrane. The myoglobin
cast formation and obstruction appears to be prominent in the
initial phase (1 to 24 hr after envenomation) of myoglobinuric
renal damage [15]. This early stage corresponds to the stage of
filtration of the myoglobin across the glomerulus and myoglobin
endocytosis [25]. The mechanism of cast formation is probably
determined by the following factors: (i) extent of muscle damage,
which determine the myoglobin level reaching the renal circula-
tion [29]; (ii) myoglobin concentration in the distal tubules, which
may be determined by the proximal tubular handling of the
myoglobin [25]; (iii) urinary pH, an acidic pH favors precipitation
of myoglobin and cast formation and an alkaline pH increase
solubility of myoglobin [301. Our preliminary experiments showed
that alkalinuric (NaHCO3) conditions offered significant func-
tional and morphological protection but aciduric (NH4CI) condi-
tions promotes myoglobinuric ARF (unpublished observations);
(iv) luminal stasis, which increase the tubular contact with the
myoglobin and cytotoxicity; (v) reduction of intravascular volume
[1, 29]. Dehydration of our experimental animals resulted in
increased cast formation due to decreased intravascular volume,
which can also potentiate renal vasoconstriction and decreased
GFR. In addition to the above factors other physiological factors
like solute excretion [30], rapid clearence of myoglobin (1 to 6 hr)
[2], may be responsible for only 50% animals showing myoglobin
casts. A shorter cast retension period and absense of myoglobin
casts should shorten PTN [30].
Previous studies have shown that Tamm Horsfall protein
synthesized in distal nephron aggregate proteins under aciduric
conditions, forming casts [31]. Recent studies have shown that
expression of integrin receptors on the apical surface of the
tubular epithelial cell promote active cell-cell adhesion and
eventual tubular obstruction [32]. Probably these two additional
factors might also contribute to myoglobin cast formation.
Proximal tubular necrosis. The process of tubular handling of
low molecular weight proteins like myoglobin involves an initial
step by the proximal tubules of endocytosis followed by complete
catabolism by the lysosomes, which requires the binding of the
protein to the luminal plasma membrane [25]. This is evidenced
by the staining of the tubular epithelial cells for myoglobin by
immunofluorescence microscopy. The large number of lysosomes
in the PCT with markedly atypical forms represent a marker of
toxic injury by the PA myotoxin. This along with the direct action
of the toxin might result in "PTN" with cytoplasmic alterations
including vacuolation, fragmentation, and desquamation of the
lining proximal tubular cells [25]. The damage and reduction of
basal infolding probably results in the disturbance of active
transport (Na,K-ATPase activity of the basal infoldings) of the
proximal tubular epithelium [1, 33]. Disturbance of Na,K-ATPase
pump can lead to cell swelling which aggravate tubular obstruc-
tion and medullary ischemia leading to PTN [33]. The PA
myotoxin might also have direct action on the renal tubules
resulting in acute PTN, possibly through its PLA2 enzymes. The
PLA2 enzymes have been shown to aggravate tubular necrosis in
experimental myoglobinuria [1]. Our preliminary study by nuclear
microscopy showed a rise in total Ca and Fe (unpublished
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Table lB. Morphological criteria for scoring renal lesions induced by PA myotoxin
Lesions and scoring + + + + + + + + + +
Tubular obstruction Casts Dilation of PCT with
casts
Tubular back leak NS
Proximal tubular
necrosis
Glomerulopathy
Regeneration
Disruption of luminal
membrane
Edema of visceral
and endothelial
layer
Large vesicular
nucleus
Swollen epithelial cells
Granular materials in
Bowman's space
and capillary lumen
Appearance of normal
microvilli
Desquamation of necrotic
epithelial cells
Dense deposits in GBM
with disruption of the
filtration barrier
Normal nephron
morphology
+ + + along with disruption of
basement membrane
NS
NS
NS signifies that no scoring is given.
Fig. 8. Schematic representation of possible pathogenetic mechanism(s) of myoglobinuric ARF and repair due to PA myotoxin. The tubular factors lead to
obstructive ncphropathy and PTN. The vascular factors lead to glomerulopathy, decreased GFR and ischcmia. The tuhuloglomerular feedback probably
integrates both tubular and vascular mechanisms, eventually leading to myoglobinuric ARF.
obsevations). Dantrolene, a drug that inhibits sarcoplasmic retic-
ulum release of calcium offered some protection from myoglobin-
uric ARF where as deferoxamine, an iron chelator was not
protective (unpublished observations).
Vascular mechanisms (glomerulopathy)
The focal intracellular edema and swelling of organdIes of
visceral epithelium may be the acute reaction due to injury by the
myoglohinuric toxin [20]. The poorly stained, probably proteine-
ous material of the glomerulus observed under LM, the electron-
dense granular deposits under EM, and the granular deposits on
the podocyte body and the filtration slits under SEM could all be
myoglobin deposits. These observations were supported by inimu-
nofluorescence study, which demonstrated fluorescent myoglobin
deposits in the glomerulus. The subendothelial electron dense
deposits observed in some mice after one week could represent
1968 Ponroj and Gopalakrisnakone: Pathogenesis of myoglobinuric ARE
leads to myoglobinuric ARF. A similar mechanism(s) might
operate in human disorders of myogobinuria caused by various
venoms, toxins and drugs [29, 361.
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